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A realizable delayed-choice quantum eraser, using a modified Mach-Zehnder (MZ) interferometer
and polarization entangled photons, is theoretically analyzed here. The signal photon goes through a
modified MZ interferometer, and the polarization of the idler photon provides path information for the
signal photon. The setup is very similar to the delayed-choice quantum eraser experimentally studied by
the Vienna group. It is demonstrated that in the class of quantum erasers with discrete output states,
the delayed mode leaves no choice for the experimenter. The which-way information is always erased,
and every detected signal photon fixes the polarization state of the idler, and thus gives information on
precisely how the signal photon traversed the two paths. The analysis shows that the Vienna delayed-
choice quantum eraser is the first experimental demonstration of the fact that the delayed mode leaves
no choice for the experimenter, and the which-way information is always erased.
The concept of wave-particle duality started out as a de-
bate on the corpuscular nature versus wave nature of light.
With the advent of quantum mechanics, a new language
emerged which described this concept, namely the Bohr’s
principle of complementarity [1]. According to Bohr, the
two natures of quantum objects, which we shall refer to as
quantons here, the wave and particle natures complement
each other. However, the two natures are also mutually
exclusive so that an experiment which brings out one na-
ture, necessarily hides the other. The two-slit interference
experiment, where one additionally tries to probe which of
the two slits the quanton went through, became a testbed
for the concept of wave-particle duality right from the time
of its inception [2]. It soon became clear that if one tries
to get the which-path or which-way information about the
quanton, the interference is destroyed. Jaynes [3] came up
with an interesting idea that there can be ways in which the
acquired which-way information can be erased such that
the destroyed interference can be brought back, in perfect
harmony with the concept of wave-particle duality. The
modern formulation of ”quantum eraser” was proposed by
Scully and Dru¨hl [4]. What made their proposal more excit-
ing was their suggestion that one may choose to erase the
which-way information much after the quanton had regis-
tered on the screen, and the interference could still be re-
covered. This initiated a lively debate on the subject which
continues till date [5–14]. The concept of quantum eraser
implied that the experimenter could choose to retain the
which-way information or erase it, and as a consequence,
can force the quanton to behave either as a particle or a
wave. The “delayed-choice” quantum eraser went a leap
further by suggesting that the quanton which traveled the
two paths and hit the screen, may be forced to behave like a
particle or a wave by a choice made the experimenter after
it has already hit the screen. This kind of thinking led to
a talk of ”retro-causality” in the delayed-choice quantum
eraser experiment, which is still being hotly debated [9–13].
With the advances in experimental techniques the quan-
tum eraser, with or without delayed-choice, was realized
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FIG. 1. A schematic diagram of a quantum eraser setup us-
ing entangled photons, and a modified Mach-Zehnder inter-
ferometer. The two paths of the signal photon end up getting
entangled with the polarization states of the idler photon.
in various ways [15–26], and several other proposals were
made [27–30]. It has also been demonstrated that the idea
of quantum eraser should also work for three-path interfer-
ence [31]. However, no experimental progress has been in
that direction yet.
The current debate mainly revolves around the interpreta-
tion of delayed-choice quantum eraser. A widely held view,
due to Englert, Scully and Walther [5], is that the choice to
retain or erase the information regarding which of the two
paths the quanton followed, always rests with the experi-
menter. While this view is quite acceptable for the normal
quantum eraser, it is hard to digest for many people when
applied to the quantum eraser experiment carried out in the
delayed mode. According to this view, even in the delayed
mode, the experimenter chooses whether the quanton dis-
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2plays wave nature or particle nature. However, the authors
of this view do not comment on how one should interpret
the ”actual behavior” of the quanton in such experiments.
Questions like if the quanton shows particle nature in the
delayed mode, does it actually follow only one of the two
paths, are left unanswered. Here we take a new look at
the delayed choice quantum eraser, by proposing a realiz-
able experiment using entangled photons, and try to find
answers to the questions which are under debate.
Let us consider an experimental setup as shown in Fig.
1, where there is a spontaneous parameteric down conver-
sion (SPDC) source producing pairs of photons which are
entangled in polarization such that the state is given by
|Ψ0〉 = 1√2 (|Vs〉|Hi〉+ |Hs〉|Vi〉)|ψ0〉|φ0〉 (1)
where H and V denotes the horizontal and vertical polar-
ization states, the labels s, i denote the signal and idler
photons, respectively. The spatial states for the signal
and idler photons are denoted by |ψ0〉|φ0〉, respectively.
A Mach-Zehnder interferometer can be easily analyzed us-
ing quantum mechanics [32, 33]. After the signal photon
passes through the polarizing beam-splitter PBS1, the state
changes to
|Ψ1〉 = UPBS1|ψ0〉
= 1√
2
(|Vs〉|Hi〉|ψ1〉+ |Hs〉|Vi〉|ψ2〉)|φ0〉, (2)
where the |ψ1〉, |ψ2〉 represent the states of the signal pho-
ton in the upper and lower path of the Mach-Zehnder in-
terferometer, respectively. One would notice that the two
paths of the signal photon are now entangled with the po-
larization states of the two photons. The signal photon in
the upper path (1) passes through half-wave plate which ro-
tates the polarization by 90 degrees, flipping the |Vs〉 state
to |Hs〉 state, so that the state now reads
|Ψ2〉 = 1√2 (|Hi〉|ψ1〉+ |Vi〉|ψ2〉)|Hs〉|φ0〉. (3)
This process now entangled the two paths of the signal
photon with the polarization states of the idler photon.
Interestingly, the polarization of the signal photon is now
disentangled from that of the idler. Separating out the
horizontal and vertical components of the idler photon can
yield information on which of the two paths the signal pho-
ton followed, simply because 〈Vi|Ψ2〉 = |ψ1〉|Vs〉|φ0〉, and
〈Hi|ψ2〉 = |ψ2〉|Vs〉|φ0〉.
On the other hand, (3) can also be rewritten as
|Ψ2〉 = 12{|Ri〉(|ψ1〉 − i|ψ2〉)
+|Li〉(|ψ1〉+ i|ψ2〉)}|Vs〉|φ0〉, (4)
where |Ri〉 = 1√2 (|Hi〉+i|Vi〉), |Li〉 = 1√2 (|Hi〉−i|Vi〉) rep-
resent the left and right circular polarization states, respec-
tively. If one measured the circular component of polariza-
tion of the idler photon, obtaining the state |Ri〉 would tell
one that the state of the signal photon is 1√
2
(|ψ1〉 − |ψ2〉),
and obtaining the state |Li〉 would tell one that it is
1√
2
(|ψ1〉 + |ψ2〉). With this, our arrangement for obtain-
ing path information is fully in place. Obtaining the state
|Ri〉 of the idler photon tells us that the signal photon fol-
lowed both paths, exactly as it would, if there were no path-
detecting mechanism in place, except for a phase difference
of −pi/2 between the two paths. Obtaining the state |Li〉
of the idler tells us again that the signal photon followed
both paths, but now with a phase difference of pi/2 between
the two paths. Quantum mechanics then implies that if
one measures the polarization of the idler in the horizontal-
vertical (linear polarization) basis, while the signal photon is
still traveling, one can force it to follow one of the two MZ
paths. On the other hand, by measuring the polarization
of the idler in the circular basis, one can force the signal
photon to follow both the paths. The choice lies with the
experimenter.
The effect of the second beam-splitter, on the two com-
ponents |ψ1〉, |ψ2〉, is the following [32]
UBS2|ψ1〉 = 1√2 (|D1〉+ i|D2〉)
UBS2|ψ2〉 = 1√2 (i|D1〉+ |D2〉), (5)
where UBS2 represents the unitary evolution due to the
mirrors and the second beam-splitter BS2, and |D1〉, |D2〉
are the states at the detectors D1, D2, respectively. If the
state of the signal photon is |ψ1〉 or |ψ2〉, in both the sit-
uations it is equally likely to hit D1 or D2. This implies a
loss of interference, resulting from extraction of which-path
information by the idler. So, obtaing the horizontal or verti-
cal state of the idler, destroys the interference of the signal
photon, but yields its precise path information.
However, if one measured the circular polarization of the
idler, and obtained the state |Ri〉, it would tell us that the
state of the signal photon would be 1√
2
(|ψ1〉− i |ψ2〉). The
second beam-splitter BS2 would take this state only to D1:
UBS2
1√
2
(|ψ1〉 − i |ψ2〉) = |D1〉. This implies interference
with the bright fringe at D1 and the dark one at D2. On
the other hand, obtaining the state |Li〉 would tell us that
the state of the signal photon would be 1√
2
(|ψ1〉+ i |ψ2〉).
The beam-splitter BS2 would take this state only to D2:
UBS2
1√
2
(|ψ1〉 + i |ψ2〉) = i |D2〉. This also implies inter-
ference, but with the bright fringe at D2 and the dark one
at D1. Both these situations describe the phenomenon of
quantum erasure, where the lost interference comes back
if the which-path information is erased. However, the two
interferences are mirror images of each other, and taken
together, they cancel each other out.
Let us now look at the delayed mode where no measure-
ment is made on the idler photon, the path of the idler being
much longer, and the signal photon reached the detectors.
For example, in one experiment performed by the Vienna
group [16], the idler photon travels a distance of 144 kilo-
meters before it reaches the analyzing detectors, whereas
the MZ paths are of the order of 2 meters. In our setup,
the final state of the two photons, just before the signal
photon hits the detectors, is given by
|Ψ3〉 = UBS2|Ψ2〉 = 1√2UBS2(|Hi〉|ψ1〉+ |Vi〉|ψ2〉)|Hs〉|φ0〉
= 12 [|Hi〉(|D1〉+ i|D2〉) + |Vi〉(i|D1〉+ |D2〉)]|Hs〉|φ0〉.
(6)
3This state indicates that D1 and D2 are equally likely to
register the signal photon, as |〈D1|Ψ3〉|2 = |〈D2|Ψ3〉|2 =
1/2, which in turn implies no interference.
An interesting scenario emerges if one rewrites the state
(6) as
|Ψ3〉 = 1√2 (|D1〉|Ri〉+ i|D2〉|Li〉) |Vs〉|φ0〉. (7)
This state indicates that if the signal photon registers at
D1, it fixes the polarization state of the idler to the right
circular state |Ri〉, and if it registers at D2, it fixes polariza-
tion state of the idler to the left circular state |Li〉. But the
states |Ri〉, |Li〉 correspond to the erased which-path infor-
mation, and tell us that the signal photon followed both the
paths, and not one of the two. In the delayed mode, the
experimenter no longer has the choice to seek either which-
path information or quantum eraser. This runs counter to
the widely accepted notion that the choice of which-path
information or quantum eraser, lies with the experimenter
in the delayed mode [5]. Not only does the registered sig-
nal photon tell us the that the which-path information is
erased, it tells us precisely how the signal photon traversed
the two paths, and the phase difference between the two
paths, by virtue of (4). This correlation, of course, can also
be used to recover the lost interference, constituting the
usual quantum eraser.
More interesting is the fact the correlation between the
left-right circularly polarized states of the idler, and the de-
tectors D1 and D2 of the modified MZ setup has already
been experimentally observed in the Vienna delayed choice
quantum eraser experiment [16]. However, its implication
was not recognized for want of an analysis similar to the one
presented here. The equivalence between the setup studied
here and the one implemented by the Vienna group can be
easily seen. They used, what they call, a ’hybrid entangler’
to achieve entanglement between the two paths of one pho-
ton and the polarization states of a causally disconnected
photon. Although the authors go an extra step by varying
the position of PBS1, and observing the counts of each de-
tector (coincident with remote photon), there is a central
position of PBS1 for which one detector gives maximum
counts, and the other one gives almost zero (see figure 3D
of Ref. [16]). These are the equivalent of the bright and
dark fringe of the traditional two-slit experiment. At this
position of PBS1, registering of a photon at a particular
detector, fixes the polarization state of the other photon
which is 144 km away. In the experiment, this emerges as
the prefect correlation between the two observations.
The prevalent belief [5] says that even in the delayed
mode, observing the idler in the horizontal-vertical basis,
gives one the path-information about the signal photon.
The preceding analysis shows that this is incorrect. For
example, if the signal photon registers at D1, (7) tells
us that the polarization state of the idler is |Ri〉. Since
|Ri〉 = 1√2 (|Hi〉 + i|Vi〉), if one insists on measuring the
polarization in the horizontal-vertical basis, one will get the
two results with equal probability, and hence no interfer-
ence to speak of. However, in this case, getting a |Hi〉 or
|Vi〉 does not give one any path information. This is sim-
ply because there is a correlation between |D1〉, |D2〉 and
|Ri〉, |Li〉 (by virtue of (7)), and getting a (say) |D1〉 de-
stroys the possibility of using (3) to infer path information
[14]. So, the loss of interference is not because of obtaining
any path information by looking at |Hi〉 and |Vi〉 states.
The interference is lost anyway, unless one correlates with
the |Ri〉, |Li〉 states.
The correlation in (7) emerges clearly only in a MZ like
setup where there are only two discrete output state. In the
traditional two-slit experiment, this effect is hidden because
there is a continuous set of positions on the screen where
the photon can register. As the Vienna experiment [16] is
the first experiment to implement a delayed-choice quan-
tum eraser in a MZ setup, it is also the first one to experi-
mentally demonstrate that in the delayed mode, which-way
information is always erased, and the photon always follows
both the paths. In the light of this analysis, and the re-
sults of the Vienna experiment, the long held notion that in
the delayed mode, the experimenter has a choice between
reading the which-way information or erasing it, should be
given up. In the delayed mode, the which-way information
is always erased. This takes the mystery out of the delayed-
choice quantum eraser, and renders irrelevant any talk of
retrocausality.
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